1. Introduction {#Section1}
===============

Approximately 25 selenoproteins have been identified in humans [@B1],[@B2]. Selenium is incorporated into selenoproteins in the form of the amino acid selenocysteine (Sec) [@B1]. Sec is a central component at the catalytic sites of various selenium-dependent enzymes. The redox-sensitive Sec residues function as scavengers that limit the adverse effects of oxidative stress within the cell and protect against damage to cellular components. Although the functions of a majority of selenoproteins remains to be fully defined, emerging evidence suggests that impaired metabolism of selenoproteins contributes to a variety of diseases including defect in the regulation of cardiac function [@B3], ischemic stroke [@B4], cancer [@B5],[@B6], and neurological disorders [@B7],[@B8].

Selenoprotein H (SelH) is a 14 kDa thioredoxin-like responsive nuclear DNA binding protein that plays a role in gene regulation [@B9]. While the precise physiological role remains obscure, recent reports highlight the importance of SelH in cell survival and proliferation. This is based on the fact that SelH has been shown to promote transactivation of glutathione and expression of other genes that enhance antioxidant capacity of the cell [@B9], protect neurons against UVB-induced damage [@B10], prevent activation of the apoptotic cell death pathway by stabilizing membrane potential [@B11], and elevate mitochondrial biogenesis and mitochondrial functions [@B12]. In addition, a role for SelH to suppress oxidative stress-induced cellular senescence through genome maintenance and redox regulation was shown in tumorigenic cells [@B13].

The genetic inactivation of selenoproteins in neurons results in progressive neurodegeneration and impaired activities of selenoenzymes enhanced neuronal loss and dysfunction [@B14]. Conversely, a number of studies have suggested that increased selenoenzyme associated activities alleviates stress, hypoxia, trauma and neurodegenerative disorders including ischemic stroke [@B15],[@B16],[@B17]. Cerebral ischemia causes damage to neurons by activating a cascade of events including excitotoxicity, oxidative stress, apoptosis, and autophagy [@B18]. These events lead to increased reactive oxygen species (ROS) production, which disrupts antioxidant defense mechanisms and negatively impacts mitochondrial homeostasis and energy production, eventually leading to cell death [@B19],[@B20]. Therefore, cell survival is critically dependent on the cells capacity to maintain a balance between ROS production and elimination.

Neuronal injury caused by ischemia is believed to be mediated by excessive activation of glutamate receptors. Glutamate is the most abundant primary excitatory neurotransmitter in the nervous system. However, at high concentrations it triggers hyperactive signaling events that frequently culminate in cell death both in vitro and in vivo. Neurotoxic level of glutamate contributes to the etiology of many neurological disorders such as Alzheimer\'s disease (AD), Parkinson\'s disease (PD), and ischemic stroke [@B21]. Glutamate induces cell death by mechanisms that involve well defined, receptor-initiated excitotoxicity and non-receptor mediated oxidative toxicity pathways [@B22],[@B23]. Chronic exposure to extracellular glutamate initiates glutamate-evoked oxidative toxicity due to depletion of cysteine and glutathione. Depletion of glutathione results in ROS production, promotes oxidative stress mitochondrial dysfunction, and alterations in mitochondrial dynamics [@B24],[@B25],[@B26].

Balancing fission and fusion events is essential for proper maintenance of mitochondrial dynamics and function. In general, mitochondrial fusion refers to fusion of two mitochondria for exchanging their contents and signals and fission is division of a mitochondrion to daughter mitochondria. Fission is used by the mitochondrion as a way to package degenerated proteins and metabolic wastes and then to eliminate them through mitochondrial autophagy process [@B25]. We have demonstrated that glutamate induces mitochondrial fission and formation of mitochondrial permeability transition pore [@B26]. In the present study we sort to determine the mechanisms by which SelH protects neurons against excitotoxic damage induced by chronic glutamate exposure. Glutamate toxicity was simulated by exposing HT22 neuronal cells stably expressing the SelH gene and empty control vector to 6 mM glutamate. Cell viability, ROS production, and biomarkers for autophagy and mitochondrial fission were quantified.

2. Materials and Methods {#Section2}
========================

2.1 Cell culture and treatment {#Section2.1}
------------------------------

Vector control and human SelH-transfected murine hippocampal neuronal HT22 cells (V-HT22 and SelH-HT22, respectively) were cultured in Dulbecco\'s Modified Eagle Medium (DMEM)/F12, containing 10% fetal bovine serum (FBS, HyClone Cell Culture and Bioprocessing), 100 nM streptomycin /penicillin (HyClone Cell Culture and Bioprocessing), and cultivated at 90% relative humidity in 5% CO~2~ at 37 ^○^C. The culture medium was renewed every 2 days. Glutamate toxicity was induced by incubating the V-HT22 and SelH-HT22 cells with 6 mM glutamate (Sigma-Aldrich Co.) for 24 h. Cell viability was assessed in 96-well cell culture plates. The transfection procedures and efficacy of transfection have been previously reported [@B9],[@B10].

2.2 Cell viability assay {#Section2.2}
------------------------

Cell viability was assessed with Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Tech. Inc., Rockville, MD) according to manufacturer\'s instructions. In brief, V-HT22 and SelH-HT22 cells were plated into 96-well plates (5000/well, Corning Inc., New York, NY). After seeding 24h the cultures exposed to 6 mM glutamate and the viabilities were measured in the SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA). The results were pooled from 2 separate experiments with triplicate sets for each condition in each experiment.

2.3 Electron Microscopy {#Section2.3}
-----------------------

Cells were fixed with glutaraldehyde solution, dimethyl sodium arsenate buffer and osmic acid for 24 h and dehydrated in ascending ethanol concentrations, rinsed in propylene oxide, and incubated in propylene oxide and resin before embedding resin. Samples were sliced and imaged on a transmission electron microscope.

2.4 Determination of ROS {#Section2.4}
------------------------

Superoxide anion production was measured with dihydroethidium (DHE) in V-HT22 and SelH-HT22 cells exposed to glutamate (6 mM). Briefly, cells (1x10^5^/ml) were seeded on glass slides. After glutamate treatment for 24 h, the slides were incubated with DHE (50 μM) for 45 min at 37 °C, washed with PBS, and fixed with 4% paraformaldehyde. Images were captured under magnification (400x) using a fluorescent microscope (Olympus CHC-212) and fluorescent intensity were measured by IPP6.0 software.

2.5 Western blotting {#Section2.5}
--------------------

Cells were pooled from 3 separate experiments. The cells were cultured in 6-well plates and treated with control or glutamate. The cells were collected after 24h of treatment, rinsed, and lysed in RIPA buffer containing protease (Roche Diagnostics Corp., Indianapolis, IN) and phosphatase (Thermo Fisher Scientific, Waltham, MA) inhibitor cocktails. After various peed of centrifugations subcellular fractions of the cytosol and nucleus were isolated. The cytosol fraction was lysed in mitochondria protein extraction buffer (Enogene, China). After various peed of centrifugations mitochondria protein was isolated. The cell lysates containing 20 µG proteins were separated on 4%-12% NuPAGE SDS-PAGE gels (Invitrogen), transferred to nitrocellulose membrane, and probed overnight at 4 ^○^C with antibodies against Apaf-1 (1:500), total caspase-3 (1:1000), cleaved caspase-3 (1:500), total caspase-9 (1:1000), cleaved caspase-9 (1:500), β-tubulin (1:1000) from Cell Signaling Technologies, and LC3 (1:1000), Fis1 (1:2000), Drp1 (1:2000), p-Drp1 (1:1000) from Abcam Inc. After washing, the membranes were incubated with peroxidase-conjugated secondary antibody (1:5000, Jackson Lab) for 3h at room temperature. Antibody binding was detected with enhanced chemiluminescence kit (Thermo Fisher Scientific) and images obtained with gel imaging analyzer (BIO-RAD Inc). The intensities of bands were quantified using Image J software.

2.6 Immunofluorescence {#Section2.6}
----------------------

Cells (1x10^5^/ml) seeded on glass slides for 24 h were treated with glutamate for additional 24 h at 37 ^○^C in a humidified incubator in 5% CO~2~. The slides were washed with PBS, fixed with 4% paraformaldehyde for 15 min and 1% TritonX-100 for 30 min. The nonspecific binding sites were blocked with 10% goat serum and slides were incubated overnight at 4 ^○^C with antibodies against Apaf-1 (1:100), cleaved caspase-9 (1:100), or cleaved caspase-3 (1:100). The slides were washed 3 times, transferred to secondary antibody (1:200) for 1 h at 4 ^○^C in dark and stained with DAPI for 5 min. Images were captured in each well at the magnification of 400x. The experiments were repeated twice.

2.7 Detection of autophagy {#Section2.7}
--------------------------

Mitophagy was measured by immunofluorescence double labeling with LysoTracker Red and Mito Tracker Green in control and experimental cells exposed to glutamate (6 mM). The cells were seeded in 12-wells plate for 24 h before glutamate exposure. At the end of the treatment duration the slides were incubated in preheated culture medium containing LysoTracker red (75 nM) and MitoTracker Green (100 nM) for 45 min in a 37 ^○^C humidified cell culture incubator. The slides were washed with PBS and fixed with 4% paraformaldehyde. Images were captured under magnification (400x) using a fluorescent microscope (Olympus CHC-212) and fluorescent intensity were measured by IPP6.0 software.

2.8 Statistical Analysis {#Section2.8}
------------------------

All values were expressed as mean ± SEM. IBM SPSS Statistics 18.0 software was used for statistical analysis. Data in Figure [1](#F1){ref-type="fig"} and Figures [3](#F3){ref-type="fig"} to 8 were analyzed using one-way ANOVA followed by post hoc Scheffe\'s test. A *p* value of \<0.05 was considered as statistical significant.

3. Results {#Section3}
==========

3.1 SelH enhanced cell viability in the presence of glutamate {#Section3.1}
-------------------------------------------------------------

In order to measure the neuroprotective effect of SelH, HT22 cells were exposed to various concentrations of glutamate. The data shows that 6 mM of glutamate reduced the cell viability to about 60% of control values. This concentration of glutamate was used for subsequent experiments. The viabilities of cells following glutamate treatment were assessed after 6, 10 and 24 h of incubation. The cell growth rate was slightly higher in SelH-HT22 cells compared to V-HT22 under normal culture conditions, whereas glutamate exposure resulted in a significant decrease in HT22 viability after 10 h of glutamate exposure (Figure [1](#F1){ref-type="fig"}). At both time points the viability was reduced to about 80% of and further decreased about 60% of the control values at 24 h following glutamate treatment in V-HT22 cells. In contrast, the growth of SelH-HT22 cells was not impeded by glutamate incubation, and its viability was similar to non-glutamate treated V-HT22 control cells at all three end points.

3.2 SelH protected HT22 cells against glutamate induced structural damage {#Section3.2}
-------------------------------------------------------------------------

Consistent with the results obtained in the viability assay, cell images captured from inverted microscope demonstrated normal cell morphology in non-glutamate treated control V-HT22 and SelH-HT22 cells. Glutamate exposure caused cell shrinkage and nuclear condensation in V-HT22 cells, indicative of cell death (Figure [2](#F2){ref-type="fig"}A). Overexpression of SelH preserved cell density and restored normal morphology features. Ultrastructural study revealed comparable morphology in V-HT22 and SelH-HT22 cells without glutamate incubation (Figure [2](#F2){ref-type="fig"}B). After glutamate treatment, there is an apparent decrease in the number of organelles observed in the cells. In addition, mitochondrial swelling (red arrows), rough endoplasmic reticulum distension and degranulation (Blue arrow), and increased appearance of lysosomes (green arrows) were observed. In contrast, glutamate-treated SelH-HT22 showed normal mitochondrial and normal rough endoplasmic reticulum morphology.

3.3 SelH reduced glutamate-induced ROS production {#Section3.3}
-------------------------------------------------

ROS production was measured by DHE following glutamate incubation. As shown in Figure [3](#F3){ref-type="fig"}, faint DHE immunofluorescence was detected in normal V-HT22 and SelH-HT22 cells. Glutamate exposure led to increased DHE signal in V-HT22 cells, suggesting increased superoxide production. Overexpression of SelH reduced the DHE signal, suggesting a reduction in superoxide production by SelH (Figure [3](#F3){ref-type="fig"}).

3.4 SelH alleviated the mitochondria-initiated cell death pathway in HT22 cells activated by glutamate exposure {#Section3.4}
---------------------------------------------------------------------------------------------------------------

To study the involvement of intrinsic cell death pathway we measured Apaf-1, cleaved caspase-9, and caspase-3 using immunocytochemistry and Western blotting. The results showed that there were very few faintly stained Apaf-1 positive neurons in both V-HT22 and SelH-HT22 cells without glutamate incubation (Figure [4](#F4){ref-type="fig"}). The positive stains were localized in the cytoplasm. After glutamate exposure, the immuno-intensity of Apaf-1 was enhanced in V-HT22 cells. Compared to V-HT22, Apaf-1 immuno-reactivity was reduced in SelH-HT22 cells treated with glutamate. Western blot using cytosolic fraction further support the findings showing that Apaf-1 protein levels were slightly decreased in SelH-HT22 compared to V-HT22 under control conditions. After glutamate exposure, Apaf-1 protein content significantly increased in the cytosolic fraction and the increase was blunted in SelH-HT22 cells.

Similarly, there were very few stained cleaved caspase-9 positive cells in V-HT22 and SelH-HT22 cells without glutamate treatment. After glutamate exposure for 24h, the immuno-reactivity of cleaved caspase-9 moderately increased in V-HT22 cells (Figure [5](#F5){ref-type="fig"}). Glutamate enhanced cleaved caspase-9 immuno-reactivity was reduced in SelH-HT22 cells. Western blotting of total and cleaved capase-9 using cytosolic fraction support the findings. Thus, glutamate caused significant elevation of both total and cleaved caspase-9 in V-HT22 cells and overexpression of SelH blocked the increases. Cleaved caspase-3 immunoreactivity increased after glutamate treatment in V-HT22 cells and lowered by SelH overexpression (Figure [6](#F6){ref-type="fig"}). Immunoblotting showed that both total and cleaved caspase-3 increased significantly after incubation of V-HT22 cells in glutamate, while SelH overexpression blocked the increase (Figure [6](#F6){ref-type="fig"}).

3.5 SelH reduces glutamate-induced mitochondrial fission {#Section3.5}
--------------------------------------------------------

Mitochondrial fission related proteins, including Fis1, Drp1 and p-Drp1 were quantified using Western blotting of mitochondrial fractions. As shown Figure [7](#F7){ref-type="fig"}, there was no difference among the three proteins between V-HT22 and SelH-HT22 cells under control status. However, after glutamate incubation for 24h, all three proteins markedly increased in V-HT22 and SelH-HT22 cells. However, the glutamate-dependent increases in the protein levels were significantly decreases in SelH-HT22 cells, suggesting that glutamate induced mitochondrial fission was blocked by SelH expressing cells.

3.6 SelH decreased lysosome staining {#Section3.6}
------------------------------------

The last step of mitochondrial autophagy processes is fusion of lysosome with autophagosome which contains the mitochondria. We performed lysosome and mitochondrial labeling using commercially available LysoTracker Red and MitoTracker Green molecular probes. As shown in Figure [8](#F8){ref-type="fig"}, there were few punctate MitoTracker Green labeling, but almost no LysoTracker Red positive staining, in the cytosol of both V-HT22 and SelH-HT22 cells. After glutamate incubation, the appearance of LysoTracker staining was significantly increased in V-HT22 cells. Most of the lysosomes were co-localized with the mitochondrial marker as reflected by the orange color in merged image. Overexpression of SelH reduced the labeling of LysoTracker. Immunoblotting showed that LC3-II to LC3-I ratio increased significantly after incubation of V-HT22 cells in glutamate, while SelH overexpression blocked the increase (Figure [8](#F8){ref-type="fig"}).

4. Discussion {#Section4}
=============

Although the functions of many selenoproteins remain largely unknown, it is widely accepted that they are key players in diverse of cell processes and diseases. The role of selenoproteins in initiation and progression of diseases has been supported, albeit controversial in some events, by findings showing that selenium deficiency or perturbation of cellular selenoprotein dynamics result in immune dysfunction [@B27],[@B28], cardiovascular disorders [@B29],[@B30],[@B31], cancer [@B32],[@B33], impairments in endocrine function [@B34], and neurological disorders [@B35],[@B36],[@B37]. SelH is a selenocystein protein that plays a role in the regulation of genes engaged in cellular detoxification and protection against oxidative cell damage [@B38]. The present study explores the neuroprotective potential of SelH in a glutamate excitotoxicity model to evaluate its prospects as a disease-modifying agent for ischemic stroke.

Neurodegenerative diseases lead to abrupt or progressive neuronal cell injury and death. Stroke in particular, has an immediate adverse effect on neuronal cells and surrounding tissues as a result of dysfunction in the homeostasis of glutamate that often accompany stroke. Numerous studies including ours have demonstrated that glutamate toxicity in neurons is mediated by oxidative stress as a consequence glutathione (GSH) depletion initiated by inhibition of the uptake of cystine into the cells via the cystine/glutamate antiporter system [@B23],[@B39],[@B40]. Depletion of GSH activates the mitochondria-initiated apoptotic death pathway leading to ultrastructural changes within the mitochondria, loss of mitochondrial transmembrane potential, increase in ROS, activation of caspases, and aberrant fission of the mitochondria. Our current findings reveal that overexpression of SelH in HT22 cells alleviated glutamate activated mitochondria-dependent cell death by inhibiting the mitochondrial initiated death pathway, and restoration of balance in mitochondrial dynamics.

The neuroprotective actions of selenoproteins are mediated in part through complex cellular antioxidant defense mechanisms that is critical for protection against stress-inducing reactive oxygen species (ROS). ROS including superoxide anions, hydroxyl radicals and hydrogen peroxide are produced as natural byproducts of aerobic respiration by oxidoreductase enzymes via the mitochondrial electron transport system and are important mediators of cell signaling events [@B41]. However, a disparity in ROS homeostasis favoring the pro-oxidative state has the potential to trigger deleterious events that damage the cell components leading to apoptosis. Glutamate, the most abundant neurotransmitter in the CNS plays a major role in the initiation and progression of neurological disorders. Acute neuronal excitotoxicity induced by glutamate is thought to occur during cerebral ischemia, traumatic brain injury (TBI), and epilepsy [@B42],[@B43]. In the present experiments we utilized high concentrations of glutamate to model the effect of ischemia in a cultured cell system. Hyper-physiological concentrations of extracellular glutamate triggers two pathways of cell death, a non-receptor mediated oxidative pathway originating from mitochondrial release of cytochrome c and subsequent activation of caspase-3 and the receptor initiated excitotoxic pathway that is caspase independent. ROS production, a major contributor of cell death, is influenced by the glutamate-dependent blockade of the glutamate/cystine antiporter, and cysteine exhaustion and depletion of glutathione [@B44],[@B45],[@B46]. Under normal conditions, toxic radicals and hydrogen peroxide are detoxified to water and carbon dioxide by antioxidant components of the cell including selenium containing glutathione peroxidases. However, during stress conditions such as present in glutamate toxicity, the cell is overwhelmed by accumulation of ROS provoked by increased production or reduced clearance by the antioxidant system. It is widely accepted that the primary source of ROS is the mitochondria. Mitochondria ROS is produced by glutamate excitotoxicity, hypoxia, and calcium overload after ischemic stroke [@B47], and several studies have demonstrated the role of ROS in glutamate induced toxicity in HT22 cells [@B26],[@B40],[@B46],[@B47],[@B48],[@B49]. Alterations in mitochondrial morphology have also been associated with glutamate toxicity. We established in this research that overexpression of SelH was sufficient to ameliorate the production of ROS in HT22 and rescue the cells from glutamate-induced death. SelH considerably moderated mitochondrial cytoskeletal collapse and restored structural integrity to damaged membrane bound components of mitochondria.

Apoptosis, the orderly process of programmed cell death, plays and important role in cellular remodeling. It is generally characterized by prominent morphological features that include cell condensation, fragmentation, cytoskeletal collapse, disassembly of the nuclear envelope, and formation of apoptotic bodies [@B50],[@B51]. Glutamate-dependent oxidative toxicity leads to failure in the bioenergetics of the cell. Failure of the mitochondrial potential trigger morphological changes in the membrane that result in formation of membrane permeability transition pores (MPTP) and the release of cytochrome c and other pro-apoptotic factors to the cytosol [@B52]. The cytochrome c discharged in the cytosol binds and activates apoptotic protease activating factor-1 (Apaf-1) and procaspase-9 to form an apoptosome leading to downstream activation of effector caspase-3. Glutamate treatment of vector bearing HT22 cells significantly increased the expression of Apaf-1, cleaved caspase-9, and cleaved caspase-3.

Overexpression of SelH in HT22 significantly constrained the expression levels of these pro-apoptotic enzymes. Our results on caspase-3 is at variance with the early studies [@B53] who reported that glutamate did not cause an increase in cleaved caspase-3 and caspase inhibitor failed to protect HT22 cells from glutamate toxicity. The authors concluded that glutamate cytotoxicity was not mediated by caspase-3, but by the AIF nuclear translocation and calpain activation in HT22 cells. However, recent studies [@B49],[@B54] demonstrated that glutamate increased cleaved caspase-3, Bax and inhibited Bcl-2 in HT22 cells. Our results are in line with these recent studies. It is not known why the results obtained in recent year are different from those observed on decades ago. The purity and specificity of the antibodies and inhibitors may have been much improved in recent years.

Overexpression of SelH in HT22 significantly constrained the expression levels of these pro-apoptotic enzymes. Our results on caspase-3 is at variance with the early studies [@B51] who reported that glutamate did not cause an increase in cleaved caspase-3 and caspase inhibitor failed to protect HT22 cells from glutamate toxicity. The authors concluded that glutamate cytotoxicity was not mediated by caspase-3, but by the AIF nuclear translocation and calpain activation in HT22 cells. However, recent studies [@B52],[@B36] demonstrated that glutamate increased cleaved caspase-3, Bax and inhibited Bcl-2 in HT22 cells. Our results are in line with these recent studies. It is not known why the results obtained in recent year are different from those observed on decades ago. The purity and specificity of the antibodies and inhibitors may have been much improved in recent years.

Selenium supplementation protects against glutamate-induced excitotoxic insult in cell culture by *de novo* protein synthesis [@B55]. Selenium pretreatment significantly ameliorated ROS production caused by glutamate toxicity and hypoxia by increasing antioxidant enzyme activities [@B17],[@B56],[@B57],[@B58]. Based on these findings we hypothesized that overexpression of SelH protein could protect neurons from cell death in a glutamate excitotoxicity model. Consistent with these findings we demonstrate in this report that SelH counteracts glutamate toxicity in HT22 neurons in a manner similar to protection by elemental selenium.

Mitochondrial dynamics is regulated by mechanisms that involve the fission and fusion of mitochondria. Both fission and fusion play prominent roles in sustaining a healthy mitochondrial network and contribute to disease-related processes such as apoptosis and mitophagy. Mitochondrial fission is mediated by dynamin related protein 1 (Drp1) and fission 1 (Fis1). Fis1 is a mitochondrial receptor for Drp1, a predominantly cytosolic protein recruited to the mitochondria during fission [@B59]. In vivo experiments suggests that selenium accumulate mainly in the mitochondria and in selenoproteins such as glutathione peroxidase. Restriction of selenium or mutations in selenoproteins decrease the activity of these enzymes and exacerbate neuronal cell death, whereas, selenium treatment or enhanced expression of selenoenzymes ameliorates neurodegenerative conditions [@B60],[@B61]. Existing evidence suggest that glutamate promotes mitochondrial dynamic imbalance by activating Drp1 and Fis1 in HT22 cells while selenium treatment protected the mitochondria by inhibiting the increase in p-Drp1 and Fis1 [@B26]. Consistent with these reports the present study shows a significant reduction in the cellular contents of the three mitochondrial fission markers in SelH-transfected cells relative to vector-transfected cells and suggests that SelH rescues cells from glutamate insult in part by restoring normal balance to the process of mitochondrial fission.

The central role of mitochondrial autophagy is to selectively target degradation of defective mitochondria in autophagosomes. Evidence exists to show that expression of pro-fission proteins such as Fis1 reduces mitochondrial number by activating mitophagy and apoptosis [@B62]. One consequence of glutamate excitotoxicity is the activation of mitochondrial fission, fragmentation, and condensation, which were clearly evidenced in this study. During mitophagy, defective mitochondria engulfed into autophagosomes recruit microtubule-associated protein 1 light chain LC3-II (LC3-II) and are delivered to the lysosomes for degradation [@B63]. We considered the activation of mitophagy after glutamate exposure in V-HT22 cells by the increase in conversion of LC3-I to LC3-II. Moreover, we showed that SelH overexpression decreased the conversion of LC3-I to LC3-II under glutamate tension. More importantly, we observed a significant increase in lysosome to mitochondria ratio in the vector transfected cells, which suggested enhanced level of mitophagic clearance of fragmented and damaged mitochondria in those cells.

In the present study, we have shown that high concentration of glutamate negatively impacts the mitochondria by altering the mitochondrial structure and dysregulation of mitochondria dynamics, which are associated with increase in ROS production and subsequent activation of autophagy in HT22 cells. These glutamate-induced effects are prevented by cellular overexpression of SelH protein. As such we conclude that SelH exerts its neuroprotective effects by reducing glutamate-induced ROS production, restoration of mitochondrial dynamic balance, and modulation of autophagy. Therefore, upregulating SelH gene could provide proof of concept for an efficient strategy to mitigate the toxic effects of glutamate that often lead to neuronal cell death in the event of trauma and other neurologic disease conditions. Selenium supplements, such as synthetic inorganic sodium selenite, selenase and selenate, organic L-selenomethionine, and organic selenium rich yeast, increase selenoprotein levels. Future studies linking the selenium dietary supplementation to the severity of cerebral ischemic brain damage is highly recommended.
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![**SelH protects HT22 cells against glutamate-induced toxicity**.**Upper panel,** Vector transfected (V-HT22) and SelH expressing cells (SelH-HT22) were exposed to various concentrations of glutamate. Viability at 24 hrs of glutamate exposure showed a dose dependent decreased. **Lower panel**, V-HT22 and SelH-HT22 were exposed to 6 mM glutamate and cell viabilities were assessed after 6, 10 and 24 hrs**.** Data were expressed as mean ± SEM. One Way ANOVA followed by Scheffe\'s text. \*p\<0.05 and \*\*p\<0.01 *vs.* control (0 mM glutamate) group, \#p\<0.05 and \#\#p\<0.01 *vs.* V-HT22 glutamate treatment.](ijbsv13p1458g001){#F1}

![**Effect of glutamate treatment on cell morphology.** Cells treated with 6 mM glutamate for 24 hrs were processed and visualized under light and electron microscope. (**A**) Light microscopic images showing normal morphology in V-HT22 and SelH-HT22 cells and cell condensation after glutamate treatment. Overexpression of SelH partially ameliorated glutamate induced cell death. Scale bar = 50 µm. (**B**) electron microscopic view of V-HT22 and SelH-HT22 neurons under normal and glutamate stress conditions. Glutamate treatment reduced number of subcellular organelles, caused mitochondrial swelling (red arrows) in glutamate treated V-HT22, rough endoplasmic reticulum distension and degranulation (blue arrow) and increased the presence of lysosomes (green arrows). Scale bar = 1 µm.](ijbsv13p1458g002){#F2}

![**Effect of glutamate on the production of superoxide.** Cells were treated with glutamate for 24 h and level of superoxide ions detected with DHE**.** Glutamate increased the production of superoxide (red) while SelH reduced level of superoxide. Nuclei were stained with DAPI (blue). Immunointensity of the superoxide ions depicted by red fluorescence signals were measured in 4 experimental groups and presented in bar graph. \*\*p\<0.01 *vs.* non-glutamate control and \#\#p\<0.01 *vs.* V-HT22 cell with the same treatment. Scale bar = 100 µm.](ijbsv13p1458g003){#F3}

![**Expression of SelH in HT22 cells attenuated glutamate-induced upregulation of Apaf-1 protein expression.** (**A**) Representative immunostaining images from control V-HT22 and SelH-HT22. (**B**) Representative immunostaining images from glutamate treated V-HT22 and SelH-HT22. (**C**) Western blot analysis of Apaf-1. HT22 neurons were exposed to 6 mM glutamate for 24 hrs as previously described in material and methods. Apaf-1 immunoreactivity (green color) were detected at higher levels in vector transfected HT22 cells (V-HT22) compared to cells overexpressing SelH (SelH-HT22) under glutamate tension. Glutamate-enhanced expression of the Apaf-1 was significantly attenuated in SelH-HT22 cell in immunoblots. There was no significant difference in Apaf-1 protein expression in cells not treated with glutamate. \*\*p\<0.01 *vs.* non-glutamate control and \#\#p\<0.01 *vs.* V-HT22 cell with the same treatment. DAPI (blue color) was used to stain cell the nuclei. Scale bar = 125 µm.](ijbsv13p1458g004){#F4}

![**Expression of SelH reduced caspase-9 levels in glutamate exposed HT22 cells.** (**A**) Representative immunostaining images from control V-HT22 and SelH-HT22. (**B**) Representative immunostaining images from glutamate treated V-HT22 and SelH-HT22. (**C**) Western blot analysis of cleaved and total capsase-9. HT22 neurons were exposed to glutamate for 24 h. The cleaved caspase-9 immunoreactivity (green color) reduced in SelH overexpressed cells under control and glutamate exposure conditions compared with V-HT22. Glutamate significantly increased the protein levels of total capase-9 and cleaved caspase-9 in the cytosolic fraction of the V-HT22 cell. Overexpression of SelH completely blocked the glutamate-induced elevations of total and cleaved caspase-9. \*\*p\<0.01 *vs.* non-glutamate control and \#\#p\<0.01 *vs.* V-HT22 cell with the same treatment. DAPI (blue color) was used to stain cell the nuclei. Scale bar=125 µm.](ijbsv13p1458g005){#F5}

![**Expression of SelH reduced caspase-3 levels in glutamate exposed HT22 cells.** (**A**) Representative immunostaining images from control V-HT22 and SelH-HT22. (**B**) Representative immunostaining images from glutamate treated V-HT22 and SelH-HT22. (**C**) Western blot analysis of cleaved and total capsase-3. HT22 neurons were exposed to glutamate for 24 h. A few caspase-3 positive neurons presented in both vector and SelH transfected cells under control conditions, with no significant difference. The number of caspase-3 positive cells (green color) significantly increased in glutamate treated V-HT22 cells, which is reduced in SelH-HT22 cells exposed to glutamate. Western blotting showed that both cleave and total caspase-3 were increased in glutamate-treated cells and these increases were blocked by overexpression of SelH. \*\*p\<0.01 *vs.* non-glutamate control and \#\#p\<0.01 *vs.* V-HT22 cell with the same treatment. DAPI (blue color) was used to stain cell the nuclei. Scale bar=125 µm.](ijbsv13p1458g006){#F6}

![**Glutamate enhanced expression of mitochondrial dynamics related proteins were diminished in SelH overexpressing cells.** V-HT22 and SelH-HT22 cells were exposed to glutamate for 24 hrs and the expression of mitochondrial fission proteins Fis1 and Drp1, and pDRP1, were quantified by immunoblots. Glutamate significantly increased the expression of Fis1, Drp1 and p-Drp1 in V-HT22 cells compared to cells unexposed to glutamate. Glutamate-dependent increases in expression of Fis1, Drp1 and p-Drp1 were blocked by SelH overexpression in HT22. \*\*p\<0.01 *vs.* non-glutamate control and \#p\<0.05, \#\#p\<0.01 *vs.* V-HT22 cell with similar treatment.](ijbsv13p1458g007){#F7}

![**Glutamate stimulated activation of mitophagy marker protein was reversed by SelH expression.** (**A**) Representative immunostaining images from control V-HT22 and SelH-HT22. (**B**) Representative immunostaining images from glutamate treated V-HT22 and SelH-HT22. (**C**) Western blot analysis of LC3-I/II.**V-**HT22 and SelH-HT22 cells were exposed to glutamate for 24 hrs and the expression of autophagy markers was measured. Mitochondria (green stain) are visible in cells devoid of glutamate treatment. Glutamate exposure significantly increased the immunointensity of LysoTracker Red suggesting increased number of lysosomes. LysoTracker Red colocalized with MitoTracker green (orange color) suggesting ongoing mitophagy. Protein blot shows differential increase in the LC3-II level after glutamate exposure in V-HT22, which was significantly attenuated in SelH-HT22 cells. \*\*p\<0.01 *vs.* non-glutamate control and \#\#p\<0.01 *vs.* V-HT22 cell with the same treatment. Scale bar=250 µm.](ijbsv13p1458g008){#F8}
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